Notes for PX436, General Relativity 

Tom Marsh 
Updated: May 8, 2009 



1 



Foreword: 



These notes mostly show the essentials of the lectures, i.e. what I write on 
the board. The exception to the rule is when I write pieces of text like this 
(outside of the examples). These represent information that I may have said 
but not written during lectures. I use them when I think it would help you 
follow the notes. 

The notes are very terse, and brief to the point of grammatical inaccuracy. 



This is because they are notes and are not intended to replace books| I make 
them available in case you had to miss a lecture or find it difficult to make 
notes during lectures, but if you rely on these notes only and do not read 
books, you will struggle. 



Lecture 1 



Introduction to GR 

Objectives: 

• Presentation of some of the background to GR 

Reading: Rindler chapter 1, Weinberg chapter 1, Foster & Nightingale 
introduction. 

1.1 Introduction 

Newtonian gravity is clearly inconsistent with Special Relativity (SR). Con- 
sider Poisson's equation for the gravitational potential 

= 47rGp, 

p — density. No time derivative gravity instantaneous, and p not a 

Lorentz- invariant . 

1.2 What makes gravity special? 

Same problems apply to = — p/co from electrostatics, but full Maxwell's 
equations are Lorentz-invariant. 

Something odd about gravity. Consider: 

F = m/a, 

for the force acting on a mass accelerating at rate a and 

F = meg, 
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for the force acting on the same mass in a gravitational field g. 

Why is mi = mg? In Newton's theory this is a remarkable coincidence. 

1.2.1 How remarkable? 

Galileo, Newton: mj/mG same to 1 part in 10'^ (pendulum experiments) 
Eotvos (1889): mj/mG same to 1 part in 10^ 



This is why we 
can talk about 
the acceleration 
due to gravity 




View from North 
celestial pole 



B 



Figure: Eotvos's experiment. Two masses A and B are in 
balance on a beam suspended by a torsion fibre. If they have 
a different ratio of inertial and gravitational mass, the hori- 
zontal component of centripetal acceleration due to Earth's 
rotation will cause a torque. None could be measured. 



If two masses gravitationally balance, but mi/irtG differs, there will be a 
torque on the fibre due to the centripetal acceleration from Earth's rotation. 

Dicke et al (1960s): mi/iriG varies by < 1 part in 10^^ 



1.3 Inertial frames 

Definition: in the absence of forces, particles move with constant velocity in 
inertial frames (straight, at constant speed). 

In EM neutral particles can be used to spot an inertial frame, but there are 
no "neutral" particles in gravity. Are there inertial frames in a gravitational 
field, even in thought experiments? 

What defines "inertial frames" (as important in Special Relativity as in New- 
tonian gravity)? 
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Newton : water in a bucket at the North Pole has a curved surface because 
it rotates relative to the "fixed stars" - Earth not an inertial frame. 

Ernst Mach (1893): what if there were no "fixed stars"? Thought that Earth 
would define its own "inertial frame" - "Mach's Principle" - water surface 
would be flat. Real physical consequences, e.g. expect acceleration in direc- 
tion of rotation near massive rotating object, "dragging of inertial frames". 
No quantitative content however. 



1.4 Principle of Equivalence 

Einstein "explained" mj = mo with his principle of equivalence: 



The physics in a freely-falling small laboratory is that of spe- 
cial relativity (SR). 



Equivalently, one cannot tell whether a laboratory on Earth is not actually 
in a rocket accelerating at 1 g. 

Has real physical content: 

e.g. Preditcs that light moves in a straight line at f = c in a freely-falling 
laboratory. It is a "locally inertial" frame and gravity disappears. 

Free-fall lab view Earth observer's view 



Light 




Figure: Light sent across a freely-falling laboratory on the 
right appears straight, but must appear to bend according 
to an Earth-based observer since the laboratory accelerates 
downwards as the light travels across it. 

The light takes time 
to cross the lab. Therefore 

h 




9l_ 
2c2' 



Does the weather 
on Earth require 
the rest of the 
Universe? 
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e.g. I = 1 km then h = 0.055 nm on Earth, ~ 10 m on a neutron star. 

Laboratory must be "small" because gravity is not constant, e.g. No single 
inertial frame can apply to the whole Earth. 

Gravitational time dilation: 




h 



g 



Figure: Light sent downwards in a freely-falling laboratory 
will be unchanged in frequency, but an Earth-based observer 
will see a higher freequency at the bottom since the lab is 
moving downwards by the time the light reaches the floor. 

Assume lab is dropped at same time as light leaves ceiling. Light takes time 

h 

t ^ - 
c 

to reach floor, by which time lab is moving down at speed 

gh 



From the EP, the frequency unchanged in lab, so according to Earth observer, 
the frequency at the floor is 

z.i-.o(i+;;)=-o(i+^)=-o(i+| 

Clocks at ceiling run fast by factor 1 + (p/c"^ cf floor! [read up on Pound & 
Rebka experiment]. This 

"gravitational 
time dilation" is 
significant for 
atomic clocks on 
Earth. 



